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1.0 Introduction

This proposal is a continuation of a proiect which began in A-cust
1986 under the titue. "Re!iabiii:y of Small Geometry VLSI Devices for
Microelectronics" which supported the SDI initiative under Re iable
Advanced Electronics. The SDIO agent for the project has beer Dr.
Clifford Lau and the ONR technical officer has been Dr. Al Goodman. The
goal of the project, in a broad sense, is "to perform exploratory research
into the physics of carriers in silicon inversion layers with a focus on
the issues which affect the reiiability of small geometry VLSI dev'ces".
This project permits us to study the physical eiectronics of sco n
surfaces and the overlying insulators, thereby providing excellent :cols
for graduate research and education. We are aware of the specific needs
of the SDI missicn and the way the above research translates into the
project needs. In the proposed project we stress the application of This
research to the area of Wafer Scale Integraton were reiiabiiity ard

fault tolerance are key issues -or the SDI program.
The extensive s:gnal cr.cessing and d:a s:trace ecuirec: :

implement high-resci-ticn. sensor-based svs-ems demands :1"at o
consideration be given. to :he area of system and ccmponent iriaciity.
At the component level the issues revolve around :he reliabiiity of the

scaled MOS Transistors with nanometric fea-:ure sizes. One 'mpcr:anz
area is the susceptibility of the gate insulator to (1) hot electron
trapping, (2) premature dielectric breakdown, and (3) space radiation
environment considerations which can limit the MTTF of the SDlO
mission. Tnis recuires an examination of the basic cate dieiectric and
there is mounting strong evidence for .he reolaceme nt of the
conventional oxide by an CNC-:yoe dielectric. This dielectric has b'een
empicyed cuite successfuily in the storage capac;tor of hign-de7-sity
DRAM's anc the in.er-.ciy cieectric in ..,ca.,c-gate EEPRCM's. Mcre
recentlyv, a -umer of researcners have argued for the use of CNO
dielectrics as the basc cate 'rsulator in naro-etric MCS devces "ased
upon 'ts immunity :c hot carrier trapping and --creased dieiec:rfc

breakdown attributes. In :7e Previous SDI -rocram we were atbe :c

make contributions to -he '"ce:standing of NO dle ectrics a s 'e:!

as crow ex:remeiy - cai:v. 'uitra-c:ear cr' . rmai cxd:e :avers

on the silicon surface 2

A second ssue a: :ne ccconent level s the SClI eed for cw-:.o.,ver.
high-censitv, norvc a:Iie ca:a stcrge with ncncestructive reaccut
(NDRO). radiation to:erance a c mmunity to srgie eve.t uose:s (SEJ'S>.
In th:s area we have oerformed research on a icw vcitace. e ectr-c a,

reprogrammable, ncr-voiatiie semiconductor memory device callec :he
SONOS transstor. Vie have cemonstrated procrammabiiitv at V leve;,s
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and we have initiated a technology transfer effort to the Westinghouse
Electric Corporation's Advanced Technology Division in Baltimore, MD.
In addition, we have had active discussions with SIMTEK, in Ft. Collins,
CO. to provide a technology transfer of low programming voltage SONOS
memory cells for high density nonvolatile memories. The research in
this area has allowed us to understand the basic operation of charge
transport and storage in multi-dielectric nonvolatile memory devices.
We have performed charge separation in the erase and write modes for
both electrons and holes on the same device structure with a dual
channel SONOS structure [3]. The proposed continued research in these
areas emphasizes the importance of electrically-reprogrammable,
nonvolatile semiconductor memory devices for (1) high-density memory
and (2) 'links' for fault-tolerant Wafer Scale Integration. The system
reliability aspects in SDI will be enhanced with the development of such
electrically-reprogrammable links to provide self reorganization and
restructuring of the data pa:h through these control 'links'. The large
amount of data taken by the SDI sensors and the need to maintain a
continual uodate on the position of multiple targets puts a high demand
on the system reliability and the need for fault tolerant architectures.
An electricaily-reprogrammable, non-volatile, 'link' would play a major
role in insuring system reliability and offering the means to achieve an
adaptive and self-restructuring data flow for fault tolerant cperation.

The anticipated payoff of this research is both basic and practical.
The basic 'or fundamental portion concerns the understanding of charge
trapping in dielectrics and their influence on device reliability (i.e the
component :evel). The practical or applied portion has a direct impact
on the formation of a highly reliable gate insulator for the nanometric
smal geometry MOS Transistors and the realization of nonvolatile
semiconductor memory devices. These devices will play a major role in
Reliable Wafer Scale Integration because the scaled MOS Transistor are
the 'core' eements of the signal processing in the SDI system, while the
nonvolatile SONOS semiconductor memory devices can serve as radiation
hardened "ign-density memories and electricaily-reprogrammable 'links'
to provide ASIC cells for adaotive fault tolerant system architectures.
The final payoff in this research is the education of gracuate students
for the micrceiectronics industry. During the previous ONR-SDI program
we graduatec .A Ph.D. students who are now working at IBM T. J. Watson
Jr. Researcn Labcratory in Yorktown Hts., N.Y., Motorola in Austin, Texas,
Wafer Scae Integration in Cupertino, CA., tMEC in Leuven, Be!gium. At
the preser-t time, we have 2 other Ph.D. students, suppcrted under the
ONR-SDI crogram. completirc their Ph.D. dissertations ar-c they expect
to graduate n the near future.
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2.0 Technical Progress in the Previous ONR-SDI Program

In this section we will detail our experimental and theoretical
investigations during the previous ONR program. The basic objective of
this program, as stated in the introduction, is to perform exploratory
research into the physics of carriers in silicon inversion layers with a
focus on the issues which affect the reliability of small-geometry
microelectronic devices with nanometric dimensions. Specific coals of
the previous program focused on,

* Ultra-clean gate cxication studies
NonvolazLe semiconduc:or memory structures

* MOSFET modeling at cryogenic temperatures
. Irradiation and hot-carrier induced defects
* Multi-dieectric ONO cate insulator

These studies were oonduc:ed to address three areas wnich roacted

:1he following neecs cf the S I mission:

(1) High reliability gate insulator to prolong the SDI
mrssicn lifetime.

(2) Increased carrier mobility to improve the functicrai
thru-put rate and signal processing speed.

(3) Nonvoiatiie semiconductor memroy devics with ow
voltage programming and compatibility with racia:-

ion hardened CMCS VLSI technology for high dens':y

data storage.

The scecific accomolishments. which will be descrbed in cetaiin the

fcilowing sections, are

a new. nonvola-:e semiconduc:cr memory ,evice

conss:ng of a c a-cannel SCNOS de,ce to crc-

vice cnarge secara:;cn under erase and write crc-
gra m-.ng voitaces.

a new methoc :c c rfilie the tr -coed charce in a

onvca,iie semicocuctor memory device 'asec
,oon a n analysis cf the cnarge retention features.
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" a new apprcach to modeling interface traps in

Quantized MOSFET Inversion layers wizn the use
of tri-level charge 'dumping. Quantiza:ion effects
were observed with the use of substrate bias.

a new theory for the 2D capture cross section of
interface traps. This theory accounts for the dis-
crete energy states *n the conduction band caused
by the Quantizaticn of electron motion normal to
the silicon surface. The energy dependence of the
2D capture cross section was determired for both
electron and hole cacture processes.

a new theory of hot electron trapping in gate oxides
has been develooec which combines Pcole-Frenkel
and Hot Car-;er tracoing into the enercy-balance
equation. Experime rts were carried cut with a new
vertical-field. bur'ec channel, hot carrier injector
structure to Provice very low electric fields in the
cate insulator. Ulta cleanidry oxides were used
in the studies.

an analytical mode' was developed for the electric
field in vicinity of the drain junction of a MOSFET.
The results of this m,odel are applicable to the LDD
MOSFET device which is employed to -inimize hot-
carrier trapping in gate dielectrics.

a ,ew mehocd was developed to extract mcceiing
parameters 'or MOSFETs with muiti-c ielectrc gate
insulators (e.z. the CNO type).

2.1 Nonvolatile Semiconductor Memory Research

In this section we desc-Coe the research -,_ rr-ed in :"e area of
ncnvolatile semiconcuctor memory devices. i7e student researcners in
this area were Frank L.bscn. Anircan Roy and ,m,7esOhi Shar,,a who have
received ther Ph .D. cegrees and are now wcrkinc "or I.F.M. 's T. J. Watson
Research Lab.. Wler Scale Integration ana Motcrcla-Aus;n.

-espectively. This section details the work cf these researchers and
their contributions to :he uncerstanding of the scalira of ,he SONOS
.cnvolatile semiconductor memory device.



2.11 Characterization of Scaled Low Voltage SONOS Devices

A Model, based On two carnrer clonduction 'elec:rons and ncsca:boh
injecting boundaries (semilcond-uctor bulk ar-d gate electrode) ,as zeen
developed to Interpret the ERASE.WRITE, c-aracteristics of scaled SON OS
devices. The amphoteric st'atist,'cs in this model cescribe the positiL;ve anld
negative charging of the deep-':evel traps in- the nitride 'memory' ,aver.
SI'MINOS (polys~ilico.nrrm-etal]-ox'-oe-n.it+rid e-oxice-semT-iconductLor) trarnsis-ors
and capacitors with the botton ('unl)oxide layer thickness around 20A,
the final nitride layer thlickness be'_;cw 100A, a:nd th'e top ('biocking') c:de
layer thickness between 35-50 A. 'nave been fabricated and charac:er:zedd.
TI'ne m-ode; is consi:stent with the experimentai data 'Nhic'n provides ch-ysica-l

nght into the mech-anisms or ch arge injection, t.ranspor- and storace
du.,-ring the ERASE,'W2ITE ooer=-:on. Lattice 'macing electron 7icrosocy

(TEM), e~liocsome~ry. eiec'ricai caoacitance=. and ch-emical e~hcack
tochniquLes have been, used :cdet-ermine scaled- S-'MICNCS mia-=_r:aI
oarameters. Th-e inea- r voitace -ar'o teonicue 4 Wh'Nich sm tneuy
measures the fla-Lband voitace Sn-,Ift and s-ecarates the cnarczes a: :ne
irniecting boundary, and the dynarmic -ulse techn7;ques of flatband -racrcirc
and threslnoid mnonitoring [ 6 1, W-iCh- measure ERAS-C WRITEL_. re-en:icn 7,no
e!7durarca Co e ra4-,ons, iave been7 empcloyed :c elec:ricaily c-harac:erK--e te
scaled S'NMIONOS dev'ces. Fig. - illust-rates :-e saturated flatban~d mremory
window for thIe scaled MONOS cevce where the-= crossover time is oefirec as
the start time of oulsed memory w;indow ava;ia;bll'ty. Fig. 2 lluS-raes :he
cynalmic : rogramming of these ce'.-eS, where :nLe crossover time S - s
with the "latbano memocry window cent7ered at -'.4V -or a --:5V FOmsEASE
and a +5V 1,0 -ns WRITE cceration7.

L43 'CC

are m a-I7h n -nm'-r M '10

_ _ _ Ir S .

r' ar S t :.- .10 5



We have de monstrated a cifferentiaJ. saturat[ed ERASE/WRITE flatband
shift of 3.8V with a different ai 5V Programming voltage for scaled-dcwn
S'M]ONOS devices with dimens or-s of 2CA for the t.unnel oxide, 50C-A for th-e

itride and 35A for the blockirc oxide. With 5V saturated ERASE.WRITE
programming voltages and 106 EPASEWRITE cycies, ex .raooia:ec retention
gives a projected 10 year 0.5V mremory window at room :empera: re [7]. F o.
3 illustrates the 'zero bias' reter.:lon characteristics of a MONOS device a-.o
the associated energy band diagram to show the discharge ofI the stored
charge in the 'memory' traps. The turn-cn voltage of the sca~ed MIONOS
device is obtained through the equation,

Vt = Vh / 2di 1 2

where 3 = LL(W.L-)X and

V V=, + 20= (20, +V 2,'

re~nresents the Cevice thresroic voltage With ' 2Ks qN , C; as .-,e

body-eflfect fac-tor. Thnus. thle c'naraczerlszics Of Fig. 3 are sfedIn the
positive cirection 'at V 2  0) ty approximately 2V for the turn-o-n voitace,
V., which makes ,he ch'aracteristi-cs accoear r re s r.me tri calI a'-o ut V G 0.
These MONOS cevices have the best ERASE:WWEKE electrical character~s4-ics
reported to date for scaled dieiectrics and we attribute the results to the
optimization of :he insulator th"icknesses as well as cOntroi over the trao
density within th e nitride 'im.

a ~~ WRITE I

/S A
n INS ~ u--

- -

Z)E L A Y TIME tsec..

2-51.

Fig. 7:r a~-s-~-> ~ ~ ~ : i er-' :.c~es. 7,c .:e~ic sm:itiaizec J.1:l z V

O :j: asS.,. 0,' CI- m-nsrisl ire Y, X.= OA. '5A and area



I n addition, these devices have c's played eXcellent resistan-ce to.
ionization radiation where fast interlace traps are not generated Lo toI
Ilad (Si) CO0 gamma dose [ 8] There is a small build-up in the bulk
insulator which saturates with dose and the effective electron mbiyi
unaffected by the radiation. Fig. 4 illustrates the C-V characteristics oil a
SONOS device before and after irradiation where a +5V bias has been-
maintained to maximize the amount of stored charge. Fig. 5. shows the
measured mobility before and after irradiation and there is no indication of
deterioration. Simulations indicate the charge distribution in the cate
insulator ( 9 j must lie W ithin 25A of the Si-Si0 2 for mobility deteriora:lcn
w~th m-aximumn deterioration when the charge distribution, lies in the plane
oi tOhe interface. There is very litt~e experimental evidence cf interface
trap build-up in these SONOS devices and a model has been oro-,'cosed wionc~
relies on the immobility of protons to Pdenetrate the ni-ride insulator 8 1

Post-ad

'c. C..V curves measured at O kkiz before and after mcozz::cn. There F!g. 5 :nversicn 'aver -nobiizty bef.ore and afte.r p.a on w i~ as

:s -to nc-eased distorton in the curve 3ftC- -aciat:of type 3 zt-Vic. fwunctowi of tffe:tive fie , ooiir .s unchanged i~le- -adiation type 3

2.1 2 Dual Channel SONOS Device for Charge Separation

Th-e charge transpcrz anId tracc;ng zroperies Of rlaia iiso
semliconcuctors are related to ,eiiabi;Ii,,. croblems in MOSFET's and miemr"
Prooer::es of nonvolatile mermory devoes. Physicailv-based device moce:S
reow_,re delineation of eiectrcn and ho~e CrocesSes. Untii ece-,Iy, eiec-ro7n
and lhoe charge separation at the S=emiconductor-!;-suIa~cr :n.erac e .7ac
been restricted on ca~e bias pcia-K-y because or mti*Lv oa z-e,

_rreom 7nation-generaticn at the sflicon., s_,,ace [ 4] We nvfrteis
time. democnstated a duai chiann-el tra:-slS-r acopihseecenac.C

charce separation on th;e sam-Ie microS .-uc~ure for bcitn gare Pciarities w-;cn



obviates the need for complementary transistors and assumptions of
Identical dielectric and interface properties for the transistor pair. WNe
have a~olied this new approach to the study cf scaled dielec:ric
oxide-nitride-oxide (ONO) memory devices and their chiarge trapping
characteristics [ 3 J. Figs 6 and 7 illustrate the single (surface channel) and
dual-channel (surface and buried channel) SONOS nonvolatile memory device
structures and their respective linear voltage ramp (LVR) or quasi-static
C-V characteristics. We can see charge separation for back-tunneuing
electron current, in, is not possible with the surface channel structure

because the electrons recombine with holes which are existent in zhe

surface accumulation layer. These electrons do not have 3 to move
laterally aong the channel to be collected by the source and r-ain juncti!cns.
E!ectLron back-tunneling is evident in the dual-channel do the efficient
collection of electrons by the buried-channel.

I a) a

:9,-LM X5-LL 20 WAFER 82 (Dual Channel SCNCS)

"0 ,~.,*ramp rate 0. 1i

WAFER 53 SCNCS) ramp rate OAK .. 12I 4L

-'10 STRT

p N

< p= ~i !p~n -0

-20~- 7 : -8 -I- ~~
-'oj -8r nt -4c -2 0 20

Gate '.'Q !-r

F!g. 6. Fig.7
a) Isomeinc 'et- ot the -i-channel SONOS (ransisror Junng LVR i.11 Isometric view ofi he ju.ji-rianne: tm~nssor struclurre (92 "M

measurements tbi ;e_vrn and 11 uref corrcted for :)amsitics in x 54 am Ifrom water 82 dunng -he LVR Tieasurement. ibi Eiectmon
a LVR measurement )( i-c:hannel Transistor from wafer S2and hole :urients from the LVR -neasurement on a dual-channel device

Tm rm war -er 82. Curves are corrected for ?irasiticS.



The operation of the dual ch-a7rel sr,,;ct u re is i Lsratec in ic under
positive and nega:ve gate bias corcitions. We see uncer positive I-ate bias
the electrons can be supplied by the buried channel while tbac:.,.-tunneig
holes are collected by the substratLe. Ccnversely, under negative gate bias
the holes are supplied by the surface channel while back-tunne irq electrons
are collected by the buried channel. Thus, efficient charge seoaration is
possible under both bias conditions and the charge centroids of both carrier
types may be estimated.

P*SI nS

41 poyP-x ri-SI OI-

oxide i-tr

oxideoxd

* Electrons ,sudollao Dy buried eimannel le Electrons collected by buried criannel
H iots :oilectaij tv substrate oe upidbysraeSnne

Fig. . Ener2 baind JIi ram> of a uji-2ininne: SONOS transrolr under

2.13 Tunneling Sciectroscony of SONOS Trapped Charge -102

An analytical model for the extraction of the spatial tracpec ch arge in
silicon nitr;de has been formuia4-ed with amphoteric trap ~zsis The
model inc!ludes th6,e energy dis-,h-but1icn of traps in the nitr'ce ar-c The timre-
dispersive tunnelir-,g transitions :,om Tese -iitrice traps. We h-ave examired
charge loss from sub-i OGA n1ti-e films with MONOS memory c-evices a t
110K under different gate bias con-dit[ions. If MONOS retention Caza !s aken
such that th,"e siiicon surface is mnaintained *n a depleticn-,wea=.-!.nversi1cf
conc ition With a suitabiy selected gate voltage. then the crimrarv onI-arce
lossz mech(anism 'n the reer7*icn mocde Of oceration Is DaK-ne ngo
ch arge from 'The nitrice tracs r*,o ,lie Siiicon bands. Th.e ac-,-.ai cn;-arce
distribution i'n :he nitride is a ',uncicn of the Charge injec-:;cn arc trapoiro
durir-g the EPASE.WRITE operation as Miodified Fowl er-No-,rche -, tunnelng
of eectrorS nr-o the n-itride generates a non-,.niform spa::ai ci:ributicn Of
tracoced charce for an assumned spatially -inifiormn trap densi:y in -"e nitride.
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*The charge trapping in slico-n nitride is very efficient which ;:eads to the

observed nonvolatile memory characteristics in SONOS devices. One Memory
state corresponds to excess electrons in thlle nitride while the :-rr memory
state describes a condi-,cn of exce-ss hoies. There are two pcsiisto
explain the 'charging' behavior of silicon nitride films:

(a) Non-interacting, close-cC mpensating donor and acceptcor traps
which are present in densities of more than 1019 /cm 3 and each
trap has one transition energy (E) an .1hrestts(~ )

(b) Amphcteric traps which have 3 charge states (DI, D-, Do) and
2 transition energies (ETC, ETA).

Thlere is considerable controversy over which desicription recresents :h,"e
actual storage of ch~arge in the nitride, however, we have taken :ne acoroach~
wnich leads to a single atcmistic origin, namely, thle amphoterjc t-ao, model.
Fig. 2_ illustrates the two posslbiities for trap models in the s.'lilicon nltrcde
and Fig. 12 cescrtoes the emilss--"cn processces for :raooed elec--Ons at zero
gate bias for an amohotc-eric traP model. In ou.-r model deveooc~ment we
considered th''-e back-tun neling firom negatively charged tirazs ard w e
supressed the 2ccle-F-enke! or thermally assisted detrappinog :nt*o me
niti-de by reducing tihe temperature. Fur-her more, we adiusted t" e
experimental conrditio;ns (>Ie. cate bias du~ing reten :;ion) to exciudce irlect on.
of holes to the neutrlM traps.

Compnrsating DonOr-AcceS3tor

D D~ D AU

Donor Trap Acceptor Trap No

a

Ampnoteric Trap Model

0 GM

4. h

- :ion~,:Iz S i 0 M

(-E

F;ig. 9 C~ar~e ;:rz nc L:ec--rcr, znd hoir proccsses for:,al Fi.__ Eeg a1 igz fr:eM NOS structure at
comriensaing :znicr icczrcor :r~os: and b a amohoienc zero 'I as wtth -,xccss ee:rzas :.raoped ;n te nitnde: the
trao; -he -rans-:::7zxs !Te!*ZseS -^' and Em are aiso shown. CtCcn emission orocesses nciiade therrmai exctatiof rom

hezegative charged state :nto the ritride conduction band.
bac-wunneiing nio the Si -znduction band from the rieg-
ti-,e z-arged state; there is ..c5ibiiity of hole injecion from

the Si to the rtral charge state.



Fig, 1-1 illustrates biased re-er~ticn data for a p-channel MONOS dev~coe
op'erating under deP letio n/weak-.n verstz:.ri and Fig. 1 2 shicws -re sopa:ial
distr~bution of the initial trapPed e!ectror ,Is in the nit ride. An a,-aiy-,ioal
expression for the threshold decay rate has been derived anc with a
polynomial fit to the retention data We have extracted the initial eceotron
trap distribution. For a 20A tunnel oxice, 87A nitride and 115A biock,;,-g
oxide MONOS memory transistor the retention data yielded a spatial
distribution of negatively charged traps which linearly increased from the
tunnel oxide interface into the nitride bulk saturating about 20-30A intc the
n itride.

2 -

P-cgrammed with 19- TrpeIlcrn
*Z V !as: IOV, lOS 2x10 1  

ETA-pe-9croV

P ;v'ornmai !it E rnN -3.35m 0

- - ~~~Data- L 3 61"> Z. .n' 0.49M0

0.1

'0. to" to' 103 to5  0 10 20 .

Read delay s) Nitride depthi (A)

Biased retertuon data at I110 K an'd the noiviorniai Spatial distirbution of :zte :niuai ee:n rce
4 fit tor the p-charne transistor from Fg. 5 progm'M-rn.e- wih charge density in the nitrde :'or the data :it Fg. f^or' **oFig9. i nitial threshoid liriage - 1.5 V higher tan in Fig. 5~ arid Fig 1 2 different orders of polynomial it Y = r'c N =8 and

-.as voitage of V. single acceptor :eve; -'.9:V.

2.2 Interface Trap Modeling in Quantized MOSFET
Inversion Layers L:

7',e work desc-ibed in thils secrcr aS done by Rich'ard S:iergi-j' wflc :
c.-cpetirg the requirements fcr a Ph".D. -=t the present time. In hichhi co-cec
n-cnannel small geom-etry dc-,.ice thle coniduction band is quantized t
cisore:e energy levels wh en th"e cna-nel is inver-ed. In adit"n e
carrers are localizecd spatiaiiv arc :e centroid Of c Inarge is a i :'E?
diStance away from, the S-Sr ne ace. Thus. an electron in a .:
nterr'aoe trap will emit to :h e first a;ovved energy level. known, as :n
ground state, which -es'.des 50 meV above the su;rface conduction, bCand
erercy 'evel for do~cing densiti'es of 10atoms'cm,3 . Bulk poter~tai :a
Miil charge the degree of cuan-tization, and m-ust be inc~uded in a m-cCdied
theory toc extract the emission, times and capture cross section va -es c
interface tLraps. We n.ave exten ded thre Shckley-Read-H-ail (SrRH) theory to
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include two-cimensional surface quantization effects and formulate the
statistics to account for localization .f conduction band charge in both
space and energy. The interface trap emission characteristics may be

obtained with an electricai measurement called the tn-level charge
pumping techniccue, which offers a convenient method to study emission
from interface traps to quantized conduction band states. Measurement
techniques of quasi-static C-V, high-frequency C-V, drain current, and
charge pumping are used to characterize the interface. Ti-!evel charge-
pumping measurments on large (lO.1um x 1OL.m), highly doped MOSFET's
provide experimental evidence of two dimensional effects and extracted
electron capture cross sections are found to be an order of magnitude larger
than values obtained from classical theory.

2.21 Inversion Laver 2-D Quantization

The band diagram for a two-dimensional Si-SiO 2 system is shown in Fig.
!3. In the ge 7eral problem of surface quantization in (,00) silicon, two
sents of subbarcs are formed due to the asymmetric properties of the doubiy
degenerate enercy eilispsoids along the k- axis and the four-old degenerate

ellipsoids along 'K and ky ) 21. The lowest subband is formed from the doubly

degenerate eilioscids and is called the ground state. The levels E , E,, and
E2 are due to :-e doubly degenerate energy ellipsoids in k-space while the

E01 level is the ground state for the four-fold degenerate ellipsoids.

p(z)

/ 0 '

;/

EE

DIT(E)

/

/

V

Fig. jJ The Two-Dimensional Si-SiO2 System
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2.22 Tri-Level Charge Pumping Technique

The experimental techniques employed to analyze the 2-D inversion layer
effects involve a new measurement method called tri-level charge pumping.
The automated measurement setup is shown in Fig. 14 which consists of a

menu-driven charge-pumping program on the HP9000 computer. Pulses are
supplied from the HP8115A pulse generator to the gate of the device under
test. Charge pumping current is measured with a Keithley 616 electrometer
and an HP59313A A/D converter. Bulk bias is supplied with the HP4145A.
The gate waveform is illustrated in Fig. 15 together with the data obtained

from the electrometer measurement of the charge-pumping current. The

substrate bias creates a change in the emission times and this is shown in

Table I. The experimental results may be explained with the quantization of

the inversion layer into subbands and the electron and hole emission times

are extracted as shown in Fig. 16. This method offers an excellent means to

obtain the emission times and the capture cross sections of both carrier

types [1].

HP81 5A

Progarnrriable I* ~ ~ ;~:~ __________

Pulse

Generator HP9000
Computer

Device
Under II -15
lest

Kdithlev 6 i6
Eeczcmeter

Fig.93 e-A

Fig. 14,I Automated Charge Pumping Measurement Set-Up
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2.23 Two-Dimensional Capture Cross Sections

In the past, researchers had considered emission and capture
processes to occur from the conduction band edge to the energy of the
interface trap as shown in Fig. 13 (13]. An analysis of the 2-D capture cross
section for electrons in the inversion layer yields

a,(2D) = (3)
rJth.Vc(2D)

where
. 9rq ,_

A3 ,2K,o,26F + VsB)I = a( 2 6F + VSB))=2m, (8,. (4)

is the ground state splitting from the conduction band edge and the surface
electric field is determined by E, = (Qa+Q ,.)/K,E. . The grourd state has a
substrate bias dependence and this is seen in the ratio of -he emission
times from an interface trap to the ground state in the corducticn band. If
we combine equations (3) and (4) we obtain the expression

,()= [(2F+ sB,) - (20F + VsB 2 )1]. (5)

We can extract the capture cross section dependence on trap energy and
measure such cross sections clcse to the edge of the conduc:ion band at
reduced temperatures.

Table I
Exoerir-ental and Theoretical

Quartization Results

Substrate EMission, E, lC(. E In( ,,)

Bias, (V) Time, (,) (V/cm) (meV) eon (26)
0 l.lx10-  1.6x!Oh 49 Experiment Theory
I 1.9x!0 -4  2.4x105  64 .55 .58
2 3.0x!O -4 3.0x!O 73 1.0 .97
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The emission times of electrons and holes are equal at an energy leve!
called the pinning level, ETP, [14] which is given as

kT a E- E = )+

We find the capture cross sections for electrons and holes are almost
constant with energy over the middle of the energy gap with o_(13D) = 10-16

cm 2 and O'(2D) = 10-13 cm 2 . The latter are typical for coulombic trapping

centers and appears tri-level charge pumping probes neutral interface traps
in the upper haif of the bandgap over the range of energy levels studied. The
small capture cross sections for holes in the lower part of the gap indicates
charge pumping probes doncr-!ike (positively charged) interface traps.
Thus, over the limited range of energies studied with this technique at room
temperature, a simple donor-'!ike interface trap model can explain the
observed behavior of the capture cross section data. Substitution of the
data obtained in the experiment for electrons and hole capture cross
sections gives ETP - ES = -65 meV. which is in good agreement with Fg. 16.

2.3 Hot Electron Trapping in Gate Oxides

Hot electron trapping in gate insulators is a reliabiiity problem
associated with scaled MOSFET's. In other instances, channel hot electron
(CHE) injection into a gate oxide is employed to electricaily program a
floating gate nonvolatile semiconductor memory device. In our studies we
have addressed several issues, namely, (1) the growth of uWtra clean/dry
oxides with low latent defects. (2) the development of a consistent theory
of hot electron trapping in gate insulators which covers a wide range of
oxide electric fields, and (3) the creation of novel tes
examine and model hot carrier trapping in gate irsulatcrs. The work
performed in this section is the research of Sukyccn Yocn wro is completing
the requirments for a Ph.D. at :he present time.

2.31 Ultra CleanDry Triole Wall Oxidation

According 'o the conventional scaling theory for MOS transistors 15], the
gate oxide thic:ness decreases from 200A for 1.25 urm CMCS :echnolcgy [161,

which have a 4.0 um effective cnannel lengths. to 70A for 3.25 um L17] which
have 0.25 um effective channei 'engths. Without a conccmmitant reduction
in supply voltage from the Cresent 5V TTL 'glue-chio ' eveis reliability
problems in these thin insulators will be a major issue ;n scaling MOSFET's.
The desirable gate insulator snouid have good uniformity, smail defect
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density, high dielectric breakcown strength, high charge-!o-breadown,
small interface trap density anc shcuLd endure hot e~ectrc injecto and,-

.onizing radiation without the occurrence of high interface trap densities
and fixed oxide charges.

To grow reliable thin gate ox*ces we must as a first condition precare a
Si-SiO 2 interface with a low concentration of hydrogenated dangling conds.

A high density of these bonds would not be detected in the initial eiectrical
characteristics of a MOSFET since the 'charge state' of these bonds would be
neutral or latent. However, the electrical characteristics of the MOSFET's
may be highly unstable since these hydrogen bonds can be broken cy hot
electrons and/or ionizing irradiation. Thus, active or 'charged' cectrcn
traps may be generated due to these dangling bonds. A second conditicn is to
have a !ow active trap density so even if the traps become activate, then the
trapped charge is too small to a.ter the characteristics of the MOSFET's.

The conventional single-wa! oxication method introduces defects or
mourity traos in the oxide by ai'owing the diffusion of heavy metal icrs and
mobile alkaii ions through the cuartz tube wail 1 8]. Also, a cons ceracie
amount of .cisture is incorporated ir:o the oxide by the diffusion of water
:hrough the single quartz wail. To elimate these adverse conc:! ns a
scecial tr*oie-wall oxication -_,nace system as been designe,' and
mplemented successfully [ 2 1. Is new oxidation system permits the study
of the Si-SC interface with a :,ntrc; on the number of electrcnic :efects

:nnerent in the processing of MCS devices. Several authors have recorted
ultra-dry oxices, but they were grown :n double-wall oxidation furnaces [19].

A double-wail furnace can provice a HCI protective atomosphere in an oucer
gap around ,he reaction chamber to remove metal contamnants; owever,
such a tecnnique has been entirely sa:sfactory since there is a tenden-cy for
some contamination to occur :.,e to water or moisture assoc:a:ec with
halogen reaction products.

The tr cie-wall oxidaticn system consists of . major par.s: a

:rcle-wail oxidation furnace tuce. a oreccmCus:ion furnace, a ccc trao

assembiy and a hygrometer assem ,y. F:g. -A) snows :he scnematic
z;agram and Fig. 17 (B) is a znococraon or the ,r;ole-wail oxicatin system.

7he custom-designed, triple-wa! oxication 'urnace tube (E'- is mace of 3
concentric cuart: tubes whose encs are seaied tocether to eave cacs

-etween eacn cuartz tube. The coerat'cn of this system has ceen cesorted

:reviously 2 and we have seen a tight die'ec'rrc .,oreakdcwn cis:-:,u tion
;or 9.3 nm cate oxides around a mean jaiue ,of f MV c M... Fr:Ihemce. h re

s very i:-e evidence of an ;n;::al or 'remature breakcown '2o] wrocn has

ceen attrbuted to 'weak s~cts in "he ox:de and associated larce 'coal

eectric ieics. We believe :nat such '",ea soots' an cin -es are
minimized o-r the oxices grown in the ultra-clean tr Ple-wail cx×cation
furnace. T-e mean breakdown electric fieic !s mucn hogher Iran the

crevious'y reoorted values of 10-12 MV'cm. '21j.



~ to Exhaust

At~ To Exhaust
C(9. )t9Z)

(a)

A. Pre-combustion Furnace Assembly F. White Elephant

B. Immersion Cooler G. Oxidation Furnace

C. Dewar and Quartz Cooling Coil HI. Dewpoint Meter

D. TCA Apparatus 1. Humidity Sensor

E. Triple-wall Furnace Quartz Tube J. Dessicant Chamber

(b)

Photograph of Triple-wall Oxidation System

1. White Elephant

2. Triple-wall Oxidation Furnace

3. Oxidation Furnace

4. Pre-combustion Furnace Assembly

Fg. 1~

-A' Schematic diagram of :he :rpie-walI oxidation furnace system. (B) Photograph of t.he triple-wall oxda.:on furnace system-



-19-

We have also observed a hig-er charge-to-breakdown, 0BD wih cxldes

grown in the triple-wall oxidation system. We have seen values of 45 Ccm2

at low current stress (.1A/cm 2) approaching 18 C/cm 2 at high current

stress conditions (lA/cm2). There have been reported values of larger Q=0
1 s

for ONO dielectrics [221, but these values for oxides are the highest reported
to date. We have also stressed insulators with QBO values of 20 C/cm 2 under

the condition of high oxide e!ectric fields (i.e. Fowler-Nordheim turneiing)
and found the interface trap density at midgap saturates at 4 x 1 2

traps/cm 2 which is considerably smaller than previous results [23] where the
trap density continued to increase with stress. Finaily, we empicyed a

verticai field injector s:ructure [24' to study the builo-up of the inter'ace

trap density in a moderate oxide electric field (1 MV cm). The results

shown D;t(mg) after stress increased from 8.6 x 109 traps/eV cm 2 tc 2.8 x

10'0 traos/eV cm 2 with a stress of 3.4 C/cm 2 . This rate of interface :rap

cenera:on is about 10- which is 2 orders of magnituce less than re-t:ed
values in the industry. This result indicates 1B electrons must pass :n'rcugh

,,e triple-wail grown oxlce at 1 MVcm oxide field beore 1 interface :rac

is generated. We believe this is a direct consequence cf removing the la:eni

defects in the oxide w!:' the tripie-wail oxidation system.
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2.32 Theory of the Hot Electron Capture Cross Section

A unified theory of hot carrer tra.pPing has been devecped witn the
concept of an average hot electron energy (q a E), where ca is the mean-free
path of approximately 3.2 nm [25]. The approach is to start with the energy
balance equation and a colombic trap as shown in Fig. 18 , where the 'trap'
term is attributed to the Lax theory of cascade capture [26], the
Poole-Frenke! effect was included by Dussel and Boer [27] and we have added
the average kinetic energy term [281. The effect of this formulation is to
realize a unified theory of hot carrier trapping over a wide rance of oxide
electric fields. In the very low field regime (< 0.1 MV/cm) the capture cross
section is constant with applied electric field and in the mcderate electric
field regime (<1 MV/cm) the cacture cross section varies as te -3/2 power
with applied field. Finally, for the hich field regime (> I MVcm) the
capture cross section varies with the -3 power of electric field. Previous
work by Ning offered an expianaticn for the high field dependence based upon
an assumed cecendence of capture cross section and energy [2 9i.

--------- -__ _ ------os(G - - - - -- - ------ -----

Potential Eiectric Trap Pocie- Average
Energy Field Frenkel Kinetic

Barrier Energy
Lowerng

F g. 18 Formulaticn of the Energy Eaiance Equation for the
Fc: E'ectron Cacture Cross Section of a Colombic T-... [21
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The analytical development of the capture cross section prov ces the

equations as shown in Fig. 19. The shaded regions represent the acci:cnal
contributions of the present theory and the capture cross section is shown
qualitatively as a function of oxide electric field. Fig. 2. illus:rates an
isometric view of the capture cross section under the application cf a 1.5
MV/cm oxide electric field. We have applied a graphical 2-D package to
illustrate the influence of oxide electric field on the capture cross section
of a Coulombic trar.

a.(T = -6 H(fl)

Tq3) qaX

2kT

H(l) I a JJ G'(1) G -(n) -G

a'1 ( I

G"q) = T , !' I a q

q

Fig. 19 Analytical Formulation of Capture Cross Section

C -3-

- 4-i

Fig. 2.2 Hot E-,ectron Trap Cross Section Dependence on Field
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2.33 Vertical Field Buried Channel Injector [30

The study of oxide traps under very low fields has several advan:ages
such as the elimination of electron heating and bulk trap creation with the
eventual hope of correlating these traps with technology variations. If we
examine the literature on trap capture cross sections, then we observe a
seeming mirage ef capture cross section data. A primary reason for this
diluge of data is, as we have seen from the previous section, the dependence
of capture cross section on the oxide electric field. Thus, it is imperative
for the researcher to know the electric field conditions under which the
oxide trapping occurs and to be abie to control these electric fields,
particularly in the low field regime. Early experiments with two terminal
injectors, such as the avalanche injection technique [3 1], were unabie to
control independently the injection leve and the oxide e!ectric field. A 4-
terminal, surface channel vertical field injector has been used by several
investigators [24] to study charge trapcing in the gate oxide and to control
independently the iniection level as well as the electric field in the cxide.
A major problem with the surface channel structure is the need to form an
inversion layer to control the oxide electric field and, thus, this technique
is limited to oxide fie!ds above 0.5 MV/cm. Furthermcre, these previous
techniques were limited to the electrical injection of one carrier species.
In order to circumvent these problems and address the situation of carrier
injection at low oxide electric fields, we developed a novel substrate hot
electron and hot hole injection structure with a double-impianted buried
Channel MOSFET. Fig. 21 illustrates the cross section of the buried channel
hot carrier injector structure.

Injector Source Gate Drain Injector

1k
Bulk

Fig. Z.. Double Ion-Implanted Buried Channel Injector
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The cpera-:on cf the buried channel injector is shown in Fc. 22 where

hot electron ir.Jec-tcn occurs by a forward-biased adjacent dcide (injec:or)
when the surface is in the accumulation mode. This permits the gate
voltage to be lowered to the flatband voltage and eectrons may be injected
at even zero oxide electric field. In the case of hoie injection, the gate is
biased to provide a hole inversion layer (supplied laterally by the substra:e)
and the channel is maintained at a fixed potential. Punchthru is avoided by
the use of a double implant. The resulting high surface electric field is
conducive for avalanche generation of holes and these holes are accelerated
to the oxide by the normal electric field. Fig. 23 illustrates hot electron
injection over a range of low eiectric fields (0 tc 0.5MV/cm,, at a fixed
injection level (A) and for a fixed oxide field (0.04 MV/cm) as the injection
level is varied (0 to 9 mA) (B). This is an exceilen: method tc examine the

capture cross sections over a wide range of elec:r',c fields. The capture
cross-sections measured with technique are illustrateC in Fig. 24-

fin, p

_--- VSB + b

Hot electron Injection Hot hole Injection

Fig. 22 Operation of the Buried Channel Hot Cartier Injector

VGS linj=lmA v- =-o2 v I -, I n,
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I:: " I ~ ~~v~sS = 0.7 v " "L. - -

(A) C 10 AL 9 mA t ''

SVP =1_'V (B)C -

art

Vg= I7V
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Fig. 23 Exper!mental Results for Hct Electron Injection
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Fig. 2A Experimen:al Determination of Capture Cross Sectic-s wit,
the Buried Charnei Hot Electron Injector

2.4 MOSFET Device Modeling Studies

In this section we will describe work which relates to the study of
MOSFET devices, especially devices which are scaled with ONO dielectrics.
A novel method will be described which characterizes MOS Transistors with
mixed gate dielectric technologies. Current extraction techniques to obtain
physically-based model parameters must correct for the presence of the
gate capacitance. We present a method to correct IDS vs VGs data for gate

capacitance and, thereby, extract accurately low field carrier mobility and
surface roughness parameter. Next, we examine the lateral channel electric
field for a MOSFET in the vicinity of .he drain junction with a pseudo
two-dimensional analysis. We derive formulae for the maximum electric
field and cannel pinch-off distance which are important in t'.e study of

device reliability. Finaily, we examine nonuniform hot electror injection in
vertical injector structures because the extraction of parameters, such as
capture cross sections and trap densities. are sensitive to the -niformity of
the charge injection.

2.41 Model -Parameter Extraction in Multi-Dielectric Devices [1]

The work per fcr-ed in this section was done by Richard Sierciej as part
cf h#is Ph. 0. research. In comparing different gate dielectric tecnnolocies in

C0S transistors, suon as oxide-~ri,'ce-oxide (ONO) and SO02 we must devise

a normalizing method to account for the difference in the physical
die)ectrics.- Previous characterization techniques have normalized the data
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oy divding the drain curren:, is, or the transcorductance. c-, by the

effective gate caoacitance. C, However, If we apoly these methods
f /C /C toactl, cevices to determine the acvarntaces and{ s/ ef f ,  gin/d of 0 to 1"-'

disadvantages of mixed dielec:ric systems (i.e. the carrier mcbiliiy and
degree of surface roughness as a function of the particular techncogy), then
we find an ambiguous interpretation of the data because these methods do
not remove completely the dependence on dielectric capacitance. Our effort
has been to develope a method for comparing mixed dielectric systems with

the goal of (1) removing the dielectric capacitance dependence in crder to
unambiguously extract the low field mobilty and the surface roughness
parameter, and (2) provide a method which is direct and easy to implement
in a computer-based data-accuisiticin system without the need fcr extensive
numerical techniques.

The basic first order drain currer:t equation, neciecting the influence c
interface traps, for small drain biases may be written as,

V-r ) VDS
+os 1 + ,tsV - V:-. 2A,/9 F -2 ,BF-

where u, is the low field mobiiity. W and L are the MOSFET wticn and length.

respectively, Os is the surface rouchness cr scattering parameter and X is

the body-effect parameter. The transconductance g,-, can be cotained by

differentiation of (7) to obtain,

dIDs W
gm = slFE()CeffVDS()

where the field-effect mcbility is.

,Lo[1 + Adv" F + V'SBj
FE =  e S+(VGs - -- ' 2 + VsB

and the surface scattering parameter rav be expressec as

0,Ko , l v  "0
,- 2Ks t,f fE, " A

in terms of the criticai electric fiec. E... for mobiiity decraca::on. The

parameters 'A' and 'I' descrbe the mean asperity height anc correlation

length, respectiveiy, for a Gaussian zc.:,tbuticn cf surface ascer;i' es 9. A
Physical picture of the Si-SIO 2 inteface may be obtained with suc.: modei

parameters and related to the partic-!ar selection of technclcgy. in fact, on

this very point there has been ccns'cerable discussion with Jaka-ese firms,

such as Hitachi and Toshiba. to unders-stand why one type of ONO technolcgy
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provides improved MOSFET electrical characteristics as compared with
other technologies. These comcanies have discovered the oxidized LPCVD
nitride films (i.e. these are the fiims we have been studying on the ONR-SDI
program and Hitachi refers to these films as ONO stacked nitride) offer
superior performance to other aporoaches, such as the ammonia and nitrogen
treated ONO films. One such explanation (offered by Hitachi) is the decrease
in nitrogen (4% at.wt.) at the Si-SiO 2 interface as compared with the

build-up of nitrogen in the other ONO films (8% at.wt.). This is believed to
be due to the prolonged time at high temperatures for the ammonia and
nitrogen annealed oxides. In addition, the transconductance and extracted
mobilities are higher for the stacked nitride ONO films. We believe these
films may be the approach for deep submicron devices due to their superior
dielectric properties and their overall ability to withstand hot carrier
injection and irradiation. This opinion is shared by the above-mentioned
Japanese companies [3 2 ].

If we simply divide the transconductance by the effective capacitance to
compare a particular ONO techrciogy with another or to a so-called pure
oxide when each technolcgy has dielectrics with different film thicknesses,
then erroneous conclusions can be drawn since this formulation does not
remove completely the dependence of the transconductance on the dielectric
thickness. An examination of the effective mobility in Equation (9) reveals
a thickness dependence through the O term in the denominator. The O s

term is independent of thickness since A = ,/2Ks5qNVB/C, ff. Our approach [1] is

to divide the drain current, IDS, by the square root of gmCeff to obtain,

IDS E ) (11)

,f f 1 + 2 50,v2oF + 1V'BI

where the slope 'm' is independent of dielectric properties. Thus, we may
use Equation (8) to compare insulator technologies by plotting 1/im 2 versus
[20F + V,,]1,2 as shown in Fg. 25. The intercept on the ordinate gives the

lcw-field electron mobility, i, . and the slope combined with the intercept
gives information on the surface roughness. The pure oxide sample (OX-1) is

an ultra-dry oxide with oxide th;ickness of 237A and an extracted low-fie!d
mobility of 5a2 cm 2 V-s with a critical velocity vr= E o= 4.2 x iC0cm,s.

The stacked nitride ONO sampe had an effective oxide thickness of 201A
with an extracted low-fie!d motiiity of 588 cm 2 V-s and a critical veiocity
v,=9.9 x 108 cmis which is twice the pure oxide sample. Thus, the ONO

stacked nitride dielectric has more than twice the resistance to mobility
degradation than its pure oxide dielectric counterpart. The critical ve!ocity
consists of fundamental constants and surface related modeling parameters

as we can see from Equation (10).
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Fig. 25 Comparison of Ultra-dry and Stacked Nitr1de ONO Tecnnolnccgies

2.42 Analytical Model of a LDID MOSFET [331

The work repcrted in this section is part of Yin Hu's research for her
Ph.D. degree in the area of solid-state devices. A new analytical model for
the lateral channel electric field in LIDD MOSFET's has been developed from a
pseudo-two-dimensional analysis. The model gives a prediction of the
c:annel electric field when the lightly doped drain (LDD) region is both fully
depleted and partially depleted. The normal field mobility degradation and
variation of the saturation field Esat with gate voltage have been considered

in the model. The model also predicts the variation of the pirch-off point,

L.sa. with gate bias. Fig. 2 illustrates the cross secion of a

tully-overlapped LDD MOSFET device which is analyzed by cntructing a
rectangular Gaussian box with infinitesimal thickness at a general pofstion
aonc the channel. The electric fieids at the bouncaries of this oeneral slice
are specfied by selecting the top of the box as the SI-SiO interface and the

bocttom of the box as a depth xi which may be cifilerent from th dpt o
itoe LDD junction x,, tte former has been netermined from a 2-D device

simulation [331 which reveals the normal field in the ru-k cannot oe negiected
as by previous researchers [34.351. In our model we consider the normal field
at the bottom of the Gaussian box, the saturation eiectric field as a function
f VG-, iteratively determine the pinch-off point, Laat, and inlude the series
resistance, R., associated with an undepleted LDD legion. Fig. 7e illustrates

lateral channel electric field as a function of distance and a comparison
with the numerical simulator MINIMOS [36].
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2.42 Hot Carrier Induced Degradation

The work reported in this section was performed by Richard Booth who
has completed his Ph.D. and is currently a postdoctoral researcher at IMEC in
Leuven, Belgium. Since we use vertical field injector structures to inject
hot carriers into the gate insulator we have investigated the case of
symmetrical vs. asymmetrical hot-electron injection into MOS Transistors.
The ef fect o f nonuniform injection and trapping o n th e electrical
characteristics of long channel MOS Transistors has been examined. Long
channel transistors have been symmetrically injected with car-:ers
introduced from adjacent diode stripes which are 'parallel to th e length" of
the transistor. Asymmetricai Injection is performed by Introducing car.-ers
from diodes which are closer to the drain of the device under test. The rate
of ch ange in the extrapolated threshold voltage is higher for asum metrcal
injection, since the same amount of injected cag ssbitdt
smaller por-tion of th~e channel region. The maximum transcorductance r;ses
over the period of stressing for the asmmetrical Injection situation, wrile
the transconductance con siste ntly decreases with stress Im e for
symmetrical injection [37] as illustrated In Fig. 28. We expect the thres."old
voltage to increase more rapidly for the asymmetrical devices for the same
injected electron density because a portion of the channel (i.e. a
'sub-transistor') has a higher injected carrier density per unit area. The
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transconductance increase and decrease may be explained with a sim 'ple twc
transistor model [38] which re ' resents the degraded arcd undegraded portions
of the transistor connected in series. The measured transcondlucance of the
device itself is dominated by the transconductance of the sub-transistor
with the lowest conductance. Near threshold the higher threshoid voltage c~
the degraded sub-transistor is the important factor and since the effective
channel length of this transistor is very small (i.e. a high conductance), we
see the transconductance peak shift positive in the asymmetrical injection
case. In contrast, for the case of symmetrical injection, we have a
continual transconductance degradation or a shift in the negative direction.
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3.0 OTHER ACCOMPLISHMENTS

In this section we describe the papers published during the previous ONR-SDI proaram,
the graduated Ph.D. students and the Technology Transfer to Industry.

3.1 PAPERS PUBLISHED - ONR CONTRACT

1. U. Sharma, R. Booth and IM. White, "Static and Dynamic Transconductance of
MO~FETs", IEEE Trans. Electron Devices. Vol. 36. 5. May 1989.

2. U. Sharma and M. White, "Ionizing Radiation Induced Dezradation of MOSFET Channel
Frequency Response', IEEE Trans. on NucI. Sci.. Vol 3. June 1989.

3. U. Sharma, R. Booth. and M. White. "A Time-Dependent Parameter Acquisition System
for the Characte-ization of MOS Transistors and SONOS Memory Devices", IEEE Trans.
Instr. and Meas.. Voi. 38. 1. March 1989.

4. A. Roy, F. R. Libsch and M. H. Wvhite, "Electron Tunnel.ing from Polysilicon Asperities
into Polyoxides", Solid-State Elecaonics, Feb. 1989.

5. A. Roy and M. H. White. "Electron and Hole Charge Separation with a Dual Channel
Transistor", 47th IEEE Device Research Conference. June 1989.

6. S. Yoon and M. H. White, "Study of Thin Ultra-Dry Oxides Grown in Custom-designed
Triple-Wall Oxidation Furnace System", presented at the 175th Electrochemical Society
Meeting, Los Angeles. CA. May 1989.

7. Anirban Roy and 'Marvin H. White. "Electron and Hole Charge Separation with a Dual
Channel Transistor". IEEE Transactions on Electron Devices, Vol. 36. 11, November
1989.

S. Sukyoon Yoon and Marvin H. White. "Study of Thin Ukltra-Dry/Clean Oxides Grown in
a Custom-Designed Triple-Wall Oxidation Furnace". 20th ,IEEE Semiconductor Interface
Stecialists Conference. December 1989.

9. Yin Hu. Richard V.H. Booth, and Marvin H. White. "An Anavtical Model for the Lateral
Channe! Electric Field in LDD Struc:ures", IEEE Transac:tons on Electron Devices. Vol.
37. 10. October 1990.

10. Sukyoon Yoon and Marvin H. White. "Study of Thin Gate Oxides grown in an Ultra-
Dry/Clean Triple-Wail Oxidation Furnace System", Journal of Electronic Materials. Vol.
19, Nov. 1990.
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11. A. Roy and M. H. White, "A New Approach to Stud',; Electron and Hole Charge
Separation at the Serniconductoi-Insulator Interface", IEEE Transactions on Electron
Devices Vol. 37 No. 6, April 1990.

12. Frank R. Libsch and Marvin H. White, "Charge Transport and Storage of Low
Programming Voltage SONOS/IONOS Memory Devices", Solid-State Electronics, Vol-
3, 1, 105-126, Jan. 1990.

13. Richard Booth and Marvin White. "Simulation of a MOS Transistor with Spatially
Nonuniform Channel Parameters", IEEE Transactions on Comouter-Aided Design. Vol.
9. 12, Dec. 1990.

14. R. R. Siergiej, S. Yoon and M. H. White, "A New Methcd of Interface Trap Modeling
in Quantized MOSFET Inversion Lavers", 1991 IEEE Device Research Conference.

Boulder, CO, June 1991.

15. Sukyoon Yoon. Richard Sieriei and Marvin H. White, "A Novel Substrate Hot Electron
and Hole Injection Strucure with a Double Implanted Buried Channel MOSFET". 1991
IEEE Device Research Conference. Boulder, CO. June 199".

16. R. R. Siergiej and M. H. White, "A Novel Method to Charac:erize MOS Transistors with
Mixed Gate Dielectric Technologies", IEEE Transactions on Electron Devices
(Corresvondence), submitted for publication, May 1991.

17. Richard Booth, Sukyoon Yoon, Marvin White and Donald Young, "Comparison of
Symmetrical and Asymmetrical Hot-Electron Injection in MOS Transistors", IEEE Solid-
State Electronics, 1991.

18. Anirban Roy and Marvin H. White, "Determination of the Trapped Charge Distribution
in Scaled Silicon Nitide MONOS Nonvolatile Memory Devices by Tunneling
Spectroscopy", Solid State Electronics. 1991.
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3.2 GRADUATED Ph.D STUDENTS

Anirban Roy, "Characterization and Modeling of Charge Trapping and Retention in Novel Multi-
Dielectric Nonvolatile Semiconductor Memory Devices", 1989.

Frank Robert Libsch, "Physics, Technology and Electrical Aspects of Scaled MONOS/SONOS
Devices for Low Voltage Non Volatile Semiconductor Memories (NVSMs)", 1989.

Richard Van Hoesen Booth, "Simulation and Measurement of Hot-Carrier Injection and
Degradation in Short Channel MOS Transistors", 1989.

Umesh Sharma, "An Investigation of Ionizing Radiation Induced Charge Trapping and Interface
Trap Generation", 1989
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3.3 Technology Transfer to Industry

In this past program we were able to transfer nonvolatile semiconductor
memory to several companies. In particular, Westinghouse Elec:r;c Corp. in
Baltimore, MD. has received cooperation and information with regards to the
scaling of SONOS device structures. The optimum selection of insulatcr
thicknesses combined with techniques of characterization (e.g. the linear
voltage ramp and pulsed C-V methcds) are typical areas of technciogy which
have been transferred to Westinchouse. There have been joint efforts to
understand the effects of scaling nonvolatile memory devices to the extent
Westinghouse will often perform scecial operations (e.g. hydrogen annealing)
to work in a collaborative manner. For example, Westinghouse recently
provided Lehigh with custom phc:omasks to permit the fabrica:ion of p-,
gridded wafers for C-V evaluation. Another example of technolccy transfer
is with SIMTEK Corp. in Ft. Coilins, CO. where we have sarted a 'rogram of
technccgy transfer to enable SMTEK to scale their SONOS cevices to
programming voltages below 1QV. Westinghouse is pr.mariiy a military
supplier of custom I.C.'s while SI,,TEK is more focused cn the commercial
I.C. arena.
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8.0 The Sherman Fairchild Microelectronic Research Laboratory

The Sherman Fairchild Center for Solid-State Studies was established in the Fall of 1976
with a $5.2M grant from the Sherman Fairchild Foundation to provide an interdisciplinary staff
of faculty and students for research in solid-state. A central theme of the Center is the nature
and role of defects in insulators and semiconductors. A description of the grant reads, "..to
strengthen and further develop a program of excellence in solid-state education and research for
both undergraduate and graduate students..". Today, the Sherman Fairchild Center is
characterized by 15 interdisciplinary faculty and 30 graduate students in solid-state studies. There
are 3 endowed chairs (physics, materials science and electrical engineering) held by George
Watkins, Ralph Jaccodine and Marvin White, respectively. Fig. 1 illustrates the Sherman
Fairchild Center of Solid-State Studies.

Fiz. I Sherman Fairchild Center
for Solid-State Studies

Inside the Sherman Fairchild center *here exists a 3.000 sq. ft. Microelectronics Research
Laboratory (Class 10.000 open spaces with Cass 100 workstations) with a prmary emphasis on
CMOS I.C. technology. The initiation of a design begins with simulauon prorarns (e.g. SPICE.
SUPREM. PISCES..etc.) resident on the Center's SUN Workstation Network. The layout and
design is accomplished with 3 SUN SPARC Workstations using Mentor Graphics GDT design
tools. Fig. 2 shows the SUN SPARC Workstatiori/Nework Server. a SPARC Station LPC. both
equipped w/color monitors. and a SPARC Station SLC.
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Fig. 2 SUN SPARC I Workstations

Fig, 3, illustrates a CMOS test vehicle with micrometer feature sizes fabricated with ion-
implanted, n-well technology and polysilicon gate electrodes, The test vehicle serves as a multi-
project chip with students participating in the design and layout of the mask set. The chip is
fabricated with a 9 mask photolithograph set including 'scratch-pad' protect, This technology
has been employed in the past few years for such projects as CMOS transistor modeling of
threshold voltage. transconductance. mobility, output conductance, and propagation delay
characterization. In addition, low temperature device studies (1,7K-300K) are performed with
this mask set. With the addition of other masks to the basic sequence. we have fabricated CVOS
operational amplifier-pH sensor systems and studied nonvolatile semiconductor memory devices,
The CAD software of the SUN SPARC Station post-processes for the EBES (Electro-Beam
Exposure System) which generates 4" chrome working plates for 3" silicon wafer processing,



Fig., CMOS Multi-Project Chips n-well.
3 micrometer feature sizes (I1 -.3rm x 1l.4im)
9 mask steps

The photolithography consists of Positive resist and the followine contact alicners. shown
in Fig, -4. D) two Cobilt 400's. 2) a Karl Suss N!JB3 equipped for a resoluti .)f 0.6 micron, and

Ya Research Devices infrared aligner. Fig. 5 illustates diffusion furnac.es for boron and
phosphorus and oxidation furnaces. Figz. 6 ihows the custom 'iow'-preisure chemical vapor
deposition system (LPCIVD) which is emrploy ed for the polysilicon. ilicon nimede. and low
temperature oxides. The combined LPCVD/plasma etcher and deposition system11 isco ue-
controlled with a microprocessor board se,.-ing as a sman pe"Ipheral to0 an HP-i5' Menu-driven
proaans in BASIC permit education and research to be :=rred out on multi-lay'er rfilms of
variable composition and thicknesses. A tNypical SONOS structure :'or nonvolatile iemnicorduc:or

emory research may require a iade :hickness of 50 ,o10 ihgae cmpoiin Fi a,
:illustrates a RF magnetron metallization iystem employed in the CMOS fabrication sequence.

Fig, j illustrates a 3-wall gate oxidation furnace to prepare defect-fee oxides by removinsg ionic
contamination. Fig. () shows the 205 KeV Extrion ion implantation system for the muitiple
implants,
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Fig. 4 P hotolithopraphy

Fi.5Diffusion and Oxidation Furnace-s
Boron and Phosphorus)
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FiL, 6 Custom LPCVDIPIasma System

Fig. 7 Metalization



Figy. 8 Custom 3-Wall Oxidation
Furnace for Defect-Free
Gate Insulators

Fig. 9Ion Implantation System
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Analytical characterization of microelectronic devices is performed with a Scanning
Electron Microscope (Fig. 1)~ and a High Resolution 300KV Scanning Transmission Electron

Microscope (Fig. 11) to obtain atomic resolution of interfaces.

Fig. 10 JEOL 840F High Resolution SEM

Fig. 1 STEM Philips 430
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After the device structures are fabricated they are characterized with a computer-aided

date acquisition system. The basic system uses HP-9836 and HP-900 microcomputers with IEEE
488 (HP-IB) peripherals for data acquisition, analysis and display. Fig. 12 illustrates the HP-

9836 operation with a probe-stand, and RK-81A semi-automatic prober, and an HP-4145
Semiconductor Parameter Analyzer. The software is a menu-driven TECAP program which has

been customized to serve the needs of the laboratory. Fig. 13 illustrates another HP-9836

computer interfacing with an HP-3577A Network Analyzer and Tektronix-7854 digitizing scope

for high-speed and high-frequency analysis. The low temperature measurement system (1.7K-

300K), seen in Fig. 14 consists of a Janis Helium dewar, an Air Products Cryo Pump, and a 4K

Gauss electromagnet. Charge pumping measurements on MOS transistors are made at various

temperatures using the HP8115A dual channel pulse generator and a Keithley 616 electrometer

under menu driven control from an HP9000 computer.

Fig. 12 Computer Aided Data Acquisition
and Modeling (HP-9836, HP-4145)

Fig. 15 shows the various C-V measurement methods we exercise in examining the

quality of dielectrics and interfaces. Quasi-static C-V measurements are made with an HP8116A

function generator and a Keithley 616 electrometer. Arbitrary frequency C-V is accomplished

with an HP4I92A impedance analzer and an HP4280A C-V meter. High temperature C-V

capability (300C) is useful to track the quality of contamination control in our processing.

Custom built pattern generator and threshold detect circuitry, seen in Fig. 16. is used to monitor

developments in our non-volatile memory research.



Fig. 1l Computer Aided Data Acquisition
(HP-9836. HP -57A. ThK-7854)

F;,,. 14 Shows a ctr'oe~eczonics research
station for low-temperature device
characterization
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Graduate student research in microelectronics is an interdisciplinary approach as each
student uses and develops simulation programs to characterize the device-technology interface,
designs and lays out test device structures (sensors, devices, circuits), fabricates the structures,

and performs test and evaluation with computer-aided data acquisition and analysis. The total

experience, namely, design-simulation-fabrication-test, is the core aspect of our microelectronics
program, and within this framework each student selects a control theme. For example, a student

may wish to concentrate on the device-technology interface with studies of hot carrier injection;
however, the study may involve unique test structures and circuits on the chip. Another student
may wish to examine the device-circuit interface with studies in nonvolatile semiconductor
memory devices and erase/write/read operation. A particular thesis will generally involve all of

the above aspects, however, the student will concentrate on a particular area.

A 'hands-on' graduate laboratory course (Advanced Microelectronics Fabrication

Laboratory) exposes the graduate students to safety procedures, chemical cleaning methods,

photolithogrpahy techniques, oxidation and diffusion, plasma etching, LPCVD of polysilicon and

silicon nitride, ion-implantation, metallization. and chip separation packaging. In this course, the

students perform a complete CMOS fabrication sequence with in-process simulators (SUTREM),
and final evaluation of process monitors and devices.


